changed in tlc1 or tel1 cells but increases nearly 3000-fold in tel1 tlc1 double mutants (Myung et al., 2001 ). Chromosome rearrangements recovered from tel1 tlc1 cells showed fusions between a telomere and a variety of internal chromosome sequences. Another genetic assay that is specific for telomere protection defects uses a defined chromosome break generated by the endonuclease HO to initiate telomeric recombination or fusion with a telomere (DuBois et al., 2002). These authors found an increase in telomeric recombination events in tel1 cells, but saw little effect on the frequency of telomere-DSB fusion. To assay telomere-DSB fusion directly, we modified the procedure of DuBois et al. (2002) to detect fusions between an inducible chromosome break and a telomere using quantitative real-time PCR. Our assay has three advantages for assaying telomere-DSB fusion. Like the genetic assay of DuBois et al., it is specific for telomere-DSB fusions and does not detect other types of chromosomal rearrangement. Second, because the assay is rapid, telomere length will not be changed by repeated cell divisions when cells lack telomerase. Last, this direct assay does not require cellular viability.
We report that telomeres fuse rapidly (within hours) to the HO-generated double-stranded break in cells lacking active telomerase. The frequency of fusion increased when either telomerase or Tel1p was deleted, and was synergistically increased in tel1 tlc1 cells. Formation of telomere-DSB fusions occurred by the nonhomologous end joining pathway, as they depended on DNA ligase IV (encoded by DNL4). Fusions also occurred in tel1 mec1 cells in which telomerase cannot elongate telomeres. Telomere-DSB fusion was assayed well before critical telomere shortening caused detectable cellular senescence, and occurred even in cultures where the vast majority of telomeres were significantly elongated. However, the tracts of telomeric TG 1-3 repeat DNA trapped in the telomere/DSB fusions were an average of 200 bp shorter than the bulk telomere length of the cells assayed. In contrast, the nontelomeric, HO-cleaved side of the cloned fusion products was commonly intact and was never resected by more than 17 nucleotides. This suggests that catastrophic loss of most of the telomeric DNA and a consequent defect in chromosome end protection occur at a low frequency in cells lacking telomerase. We propose that telomerase and Tel1p have previously unrecognized roles in chromosome end protection, to prevent catastrophic telomere shortening even when the majority of cellular telomeres are long.
DNA for YЈ fusions using the primers VII-HO B and YЈ subtelomeric, and 405 bp ϩ telomeric DNA for X fusions using the primers VII-HO A and X subtelomeric. (C) PCR detection of YЈ telomere-DSB fusions from DNL4 and dnl4 cells. Genomic DNAs were prepared 8 hr after HO induction. The primers were VII-HO B and YЈ subtelomeric. duction. PCR primers were VII-HO B and YЈ subtelomeric. Number The centromere-proximal side of the HO cleavage site is adjacent of fusions per HO cut was calculated from the absolute number of to 81 bp of telomeric DNA. We assayed fusion between a telomere telomere-DSB fusions (derived by comparing the cycle threshold of and the centromere-distal side of the HO site. a given sample with a standard curve for amplification) and the (B) PCR detection of YЈ-and X telomere-DSB fusions. Genomic amount of genomic DNA in the amplification reaction. Each genoDNAs were prepared 0 or 8 hr after HO induction with galactose.
type represents at least three independent spores from the same The expected PCR product sizes are arrowed: 487 bp ϩ telomeric parent diploid. Figure 1D ). Figure 1A ). In the strain used, the in tel1 tlc1 cells. The Tel1p-related kinase Mec1p (homoendogenous HO site at MAT is deleted, so only one DSB log of human ATR) was not required for telomere protecis created (see Experimental Procedures). HO exprestion; mec1 sml1 cells did not show telomere-DSB fusion from the GAL promoter was induced in log phase sions, and mec1 sml1 est2 cells showed no increase cells by the addition of galactose. Cells were harvested over est2 cells (sml1 is a suppressor mutation that res-2-8 hr after HO induction and frozen for DNA preparacues mec1 lethality). We conclude that both telomerase tion. S. cerevisiae telomeres contain either an X or YЈ and Tel1p are important in protecting telomeres from conserved subtelomeric element directly adjacent to the fusing to a DSB ( Figure 1D Figure 2A ). The average length inoculated directly from spore colonies; that is, well beof telomeric TG 1-3 DNA in fusions cloned from tel1 tlc1 fore the onset of cellular senescence in cells lacking and tel1 est2-D530A cells was 33 bp, with a standard telomerase.
Results

bromide staining results (
deviation of 19 bp and a range from 4 and 130 bp (Figure A PCR product of the expected size for a telomere-2B). There was no significant difference between fusions DSB fusion was seen with either an X or YЈ subtelomeric to X or YЈ telomeres. To ensure that the PCR amplificaprimer in tel1 tlc1 cells ( Figure 1B) . No product was tion step did not selectively amplify very short telomerevisualized by ethidium bromide staining in assays of DSB fusions from a pool of fusions containing much wild-type or tel1 cells, but a faint product was seen with longer tracts of telomeric DNA, we amplified cloned telotlc1 cells. The PCR product depended on induction of mere-DSB fusions containing 32, 88, and 130 bp of TG 1-3 HO with galactose. In control reactions, no product was DNA from plasmids. The efficiency of the PCR reaction detected when PCR was performed with an X primer was similar for all three plasmids ( Figure 2C ; note that alone, a YЈ primer alone, or with an X and a YЈ primer a lower cycle threshold means earlier detection of the (data not shown). As will be described below, cloning PCR product, and thus higher efficiency of amplificaand sequencing of the PCR products from tel1 tlc1 DNA tion). Telomeric DNA in tel1 tlc1 cells assayed for teloconfirmed that the assay detects direct end-to-end fumere-DSB fusions had a mean length of ‫032ف‬ Ϯ 50 bp; sions between telomeres and the HO-cleaved chromothe shortest telomeres detected by long exposures of some break.
Southern blots are about 190 bp long ( Figure 3B and To ascertain the cellular pathway for telomere-DSB data not shown). Hence, the shortest telomeres detectfusion, we assayed the involvement of Dnl4p/DNA ligase able by Southern blotting in tel1 tlc1 cells were substan-IV, the ligase involved in nonhomologous end joining tially longer than the TG 1-3 tracts retained in the fusions.
(Wilson et al., 1997). Fusions were reduced to wild-type
This finding suggests that in tel1 tlc1 cells, a small levels in dnl4 tlc1 and dnl4 tel1 tlc1 cells ( Figure 1C) . fraction of telomeres undergoes catastrophic shortenHence, telomeres in tel1 tlc1 cells fused to the DSB by ing, causing loss of chromosome end protection and the canonical nonhomologous end-joining machinery. fusion to a DSB. As our assay is done a few hours after In order to quantify the level of telomere-DSB fusion the HO-cut chromosome break is created, we propose in tlc1 and tel1 tlc1 cells, we used real-time PCR with that extremely short telomeres are already present when very similar amplification parameters to reactions that this inducible break is generated. Two lines of evidence yielded ethidium bromide-stained products. The stansuggest that few tlc1 tel1 cells contain drastically shortdard for PCR amplification was a linearized plasmid ened telomeres: first, tel1 tlc1 cells at the time of the containing a cloned telomere-DSB fusion (wild-type gefusion grew indistinguishably from wild-type, and secnomic DNA was included in PCR standard reactions, ond, long exposures of Southern blots of tel1 tlc1 genowhich had the same DNA concentration as experimental mic DNA did not detect drastically shortened telomeres.
samples). Amplification of the PCR standard was linear
In agreement with these data, telomere-DSB fusion was over five orders of magnitude (r 2 ϭ 0.998) corresponding a rare event. to a range of telomere-DSB fusion frequencies from 0.93 Notably, the portion of chromosome VII adjacent to to 5.596 ϫ 10 Ϫ5 (data not shown). Telomere-DSB fusions the HO cleavage site and the cleavage site sequence were essentially undetectable (i.e., occurred at Ͻ1 in 10 5 genomes) in wild-type cells, in agreement with ethidium itself was intact in nearly all the cloned fusions ( Figure 2D ). HO cleavage of chromosome VII leaves a 3Ј-overhang with the sequence 5Ј-AACA-3Ј, which was fully preserved in 43 of 77 cloned fusions. In 69 of the 77 fusion products, the HO-cut end was not resected beyond this 4-base 3Ј-overhang. In order to investigate the mechanism that generates extremely short telomeres, we tested the possible involvement of Exo1p, a nuclease that degrades telomeric DNA when Cdc13p function is removed (Maringele and Lydall, 2002) . Unlike the dnl4 mutation, exo1 did not completely suppress telomere-DSB fusions, whose frequency was significantly greater in exo1 tlc1 and exo1 tel1 tlc1 than in completely wild-type cells ( Figure 2E ). Therefore, Exo1p is not solely responsible for catastrophic telomere shortening. Figure 3A , right panel; note that the terminal XhoI fragment also contains ‫058ف‬ bp of the subtelomeric YЈ element). Spores from this diploid that had lost the CDC13-EST1 plasmid but inherited long telomeres were assayed for telomere-DSB fusion. Gradual loss of telomeric DNA during spore growth produced tlc1 tel1 cells with an average telomere length of about 480 bp at the time they were assayed (compared to a mean length of 350 bp in wild-type cells; Figure 3A) . Lengthening of telomeres to greater than wild-type size did not prevent the appearance of telomere-DSB fusions in tlc1 and tel1 tlc1 cells, though their frequency was reduced compared to tlc1 and tel1 tlc1 cells with short telomeres (Figure 3B) . Importantly, the tel1 tlc1 cells with short and long telomeres gave the same size PCR products ( Figure 3C ). These results confirm that it is not bulk telomere shortness per se but rather the absence of telomerase and Tel1p that causes extreme telomere shortening and telo- mere-DSB fusion. Furthermore, they imply that telomerase is still necessary to protect long telomeres from catastrophic shortening. This shows that the telomereprotective function of telomerase is independent of its role in promoting bulk telomere elongation.
Telomere-DSB Fusion Occurs in tel1 tlc1
The Protective Function of Telomerase Requires Its Catalytic Activity at Telomeres
We tested whether the ability of telomerase to prevent telomere-DSB fusions in the absence of Tel1p requires its catalytic activity. The est2-D530A point mutation abolishes the catalytic activity of telomerase (Lingner et al., 1997). As shown in Figure 4A , telomere-DSB fusions were observed by ethidium-bromide staining of PCR products from est2-D530A and tel1 est2-D530A DNAs. Thus, the presence of an intact but inactive telomerase ribonucleoprotein complex is not sufficient for chromosome end protection. We also examined the effect of a background (tel1 mec1 sml1) in which telomerase is catalytically active but telomeres are refractory to its action (telomere shortening in these cells is initially identical to that in telomerase-deficient , 2001 ). Our findings confirm that this preference for nonhomologous end joining in G1 is conserved in budding yeast. Notably, we also observe telomere-DSB fusions in an asynchronous population, where they presumably occur mostly in the G1 cells. Haploid cells may find it advantageous to use nonhomologous end joining in G1, when only one copy of the genome is present. After DNA replication, homologous recombination can use a second copy of a given sequence to achieve a more accurate means of genome repair. The mechanism by which cells select a particular DNA repair pathway depending on their cell cycle state is an interesting question for future research.
Discussion
Here, we have shown that telomerase and the ATM kinase homolog Tel1p are needed to prevent telomeres from fusing to a double-stranded break by nonhomologous end joining. All telomere-DSB fusions analyzed contained very little TG 1-3 DNA, so we infer that extreme shortening of the telomeres is the reason that they fused to the DSB. Wild-type telomeres shorten and lengthen for this is not known. In order for a telomere of normal length to give rise to the very short TG 1-3 tracts seen in 2000). To determine when in the cell cycle telomeres fuse to an induced DSB, we assayed tel1 tlc1 cells artelomere-DSB fusions, both strands of telomeric DNA must have been degraded. This contrasts with strandrested with ␣ factor (G1), hydroxyurea (S), or nocodazole (G2/M). After 4 hr of cell cycle arrest, HO was induced specific 5Ј-3Ј resection of DNA at a double-stranded break or at a telomere lacking the essential telomere for 2 hr in the arrested state, after which genomic DNA was prepared and analyzed. Interestingly, fusions ocbinding protein Cdc13p (Garvik et al., 1995) . Notably, strand-specific degradation of the HO-cleaved chromocurred at a significantly higher frequency in ␣-factorarrested cells ( Figure 4C ). This result implies either that some did not result in drastic loss of sequence informa- ., 2003) . The telomere protection tion to any such extremely shortened telomeres by elondefect we observe in tel1 tlc1 cells suggests that the gating them. In this case, the failure of est2-D530A teloabsence of telomerase and ATM may exacerbate genomerase to protect telomeres from fusions would result mic instability early in tumorigenesis. Based on our refrom its inability to synthesize telomeric DNA to re-elonsults in yeast, these effects may manifest themselves gate the extremely shortened telomere. In the second well before critical telomere shortening is apparent. model, the frequency of extreme shortening events in- 
